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1
POWER-ON RESET CIRCUIT

SUMMARY

In accordance with at least one example of the disclosure,
a power-on reset (POR) circuit comprises a {irst transistor
coupled to a voltage source, a control terminal of the first
transistor coupled to a non-control terminal of the first
transistor via a resistor; a second transistor coupled to the
resistor, a control terminal of the second transistor 1s coupled
to a non-control terminal of the second transistor; and a
comparator having first and second terminals, the first ter-
minal coupled to the non-control terminal of the first tran-
s1stor and the second terminal coupled to the voltage source
via an oflset circuit.

In accordance with at least one example of the disclosure,
a system comprises a voltage source; and a power-on reset
(POR) circuit coupled to the voltage source, the POR circuit
comprises a first transistor configured, via a degenerative
resistor, to operate 1 a sub-threshold region of the first
transistor, the first transistor coupled to the voltage source
and configured to generate a sub-threshold current signal.
The POR circuit further comprises a second transistor
coupled to the first transistor and configured to receive the
sub-threshold current signal; a reference voltage node
between the first transistor and the degenerative resistor, the
first transistor configured to output a reference voltage signal
on the reference voltage node, the reference voltage signal
based on the sub-threshold current signal; and a comparator
configured to generate a PoR signal based on a comparison
between the reference voltage signal and a voltage signal
received from the voltage source.

In accordance with at least one example, a power-on reset
(POR) circuit comprises a reference circuit coupled to a
voltage source; and a comparator coupled to the reference
circuit and coupled to the voltage source via an oilset circuit.
The reference circuit further comprises a first transistor
configured, via a resistor, to function 1 a sub-threshold
region and to generate a reference voltage at a non-control
terminal of the first transistor; and a second transistor
coupled to the first transistor at the resistor, wherein the
comparator 1s configured to compare the reference voltage
and a voltage provided by the voltage source and to generate
an output signal based on the comparison.

In accordance with at least one example, a power-on reset
(POR) circuit comprises a first transistor coupled to a
voltage source, a control terminal of the first transistor
coupled to a non-control terminal of the first transistor via a
first resistor at a first node; a second transistor coupled to a
second resistor at a second node, the second resistor coupled
to the voltage source, wherein a control terminal of the
second transistor 1s coupled to a non-control terminal of the
second transistor via a third resistor; a third transistor, a
control terminal of the third transistor coupled to the second
resistor at the second node, a non-control terminal of the
third transistor 1s coupled to the first resistor at the first node;
and a voltage bufler coupled to the first node.

BRIEF DESCRIPTION OF THE DRAWINGS

For a detailed description of various examples, reference
will now be made to the accompanying drawings 1n which:

FIG. 1 depicts a system including a power-on reset (POR)
circuit, in accordance with an example;

FIG. 2(a) depicts an 1illustrative modified reference cir-
cuit, in accordance with an example;
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2

FIG. 2(b) depicts another illustrative modified reference
circuit, in accordance with an example;

FIG. 3(a) depicts a schematic diagram of an 1illustrative
POR circuit, 1n accordance with an example;

FIG. 3(b) depicts a schematic diagram of another 1llus-
trative POR circuit, in accordance with an example;

FIG. 4(a) depicts a schematic diagram of another illus-
trative POR circuit, 1n accordance with an example; and

FIG. 4(b) depicts a schematic diagram of yet another
illustrative POR circuit, in accordance with an example.

DETAILED DESCRIPTION

Low-power electronic devices are increasingly 1n
demand, particularly 1n the medical device, mobile phone,
and automotive contexts. To this end, electronic devices are
configured to function in various power modes, such as
active and standby modes. An active mode 1s a mode 1n
which the electronic device performs its primary intended
function(s). For example, 1n the active mode, an artificial
pacemaker performs i1ts primary function ol generating
clectrical impulses into cardiac tissue 1n the event of an
arrhythmia. In contrast, the standby mode 1s a mode 1n which
an electronic device remains powered on without performs-
ing its primary function, but still performs one or more
functions 1n the background (referred to herein as embedded
functions). For example, the artificial pacemaker includes a
power-on reset (POR) circuit that continuously monitors a
supply voltage of the battery supplying power to the pace-
maker to detect malfunctions, such as a sudden drop in the
supply voltage of the battery. Electronic devices can reduce
their overall power consumption 1f they are designed to
perform their embedded functions at low power (e.g., 100
nanowatts (nW)). For instance, a low-power POR circuit can
reduce the overall power consumption of the device that
contains the POR circuit.

Some currently used POR circuits include a reference
circuit, which outputs a reference signal. The POR circuit
compares this reference signal with the supply voltage and
generates a digital signal based on the comparison. This
digital signal can indicate the status of the battery powering
the device containing the POR circuit. Different techniques
can be used to design the reference circuit. One such
technique 1ncludes generating a bandgap voltage reference
signal by coupling bipolar junction transistors (BJTs) having
opposite temperature characteristics. For example, a BIT
producing a  complementary-to-absolute-temperature
(CTAT) voltage between 1ts base and emitter can be coupled
with a set of two differently-sized BJITs producing a pro-
portional-to-absolute-temperature (PTAT) voltage. The
PTAT voltage 1s obtained by subtracting the base-to-emitter
voltages of the two differently sized BJTs. Another com-
monly used technique combines PTAT and CTAT currents
(rather than voltages) to generate a temperature-independent
output voltage reference signal. In some cases, reference
circuits can also be designed by employing field-ellect-
transistors (FETs) of different threshold voltages, which can
be implemented by distinct gate doping or selective channel
implantation.

The POR circuits implemented using the reference cir-
cuits mentioned above consume unacceptably large amounts
of power. Also, the currently used POR circuits occupy a
relatively large silicon area and are incapable of monitoring
sub-1V (e.g., 1V or less) supply voltage levels. Moreover,
POR circuits employed in automotive applications (e.g.,
telematics control modules) or POR circuits employed in
medical applications (e.g., artificial pacemakers) should
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comply with strict temperature requirements. For example,
some medical products are to comply with an 1ndustrial-
grade temperature specification of —40° C. and +125° C.,
inclusive. The POR circuits implemented using the refer-
ence circuits mentioned above fail to operate at extreme
corner temperatures, e.g., —40° C. and +125° C. This failure
to comply with the temperature specification 1s undesirable.
Moreover, some of the reference circuits mentioned above
exhibit significant current varnation (e.g., 1500% of the
variation that 1s common in manufacturing processes), and
thus the functional mtegrity of such POR circuits 1s not
resistant to process, voltage, and temperature (PVT) varia-
tions. For at least these reasons, POR circuits that consume
low power, operate at sub-1V, and overcome the PV'T 1ssues
mentioned above are desirable.

Accordingly, described herein are various examples of
POR circuits that implement a modified reference circuit to
overcome the challenges mentioned above. Implementing
the modified reference circuits described 1n this disclosure
allows POR circuits to operate beyond the industrial-grade
temperature specification (e.g., —40° C. and +125° C., inclu-
sive). In some examples, the POR circuits implementing the
modified reference circuit can operate between —50° C. and
+150° C., inclusive. Further, the POR circuits described
herein consume ultra-low power (e.g., less than 100 nW at
room temperature), and can be configured to monitor even
sub-1V supply voltage levels while utilizing less silicon area
than currently used designs. To achieve these advantages,
the modified reference circuit includes at least two transis-
tors configured to function i a sub-threshold region—a
region of operation where the gate-to-source voltage of the
transistor 1s less than the threshold voltage of the transistor.
In at least some examples, one of the two transistors acts as
a constant current source producing a subthreshold current.
The interaction of this subthreshold current with the other
transistor generates a reference voltage at a node in the
modified reference circuit, and this reference voltage 1s
utilized by the POR circuit to monitor the supply voltage. I
the supply voltage 1s below the reference voltage, the POR
circuit generates a digital logic 1 signal indicating that the
supply voltage 1s below the desired voltage. I the supply
voltage 1s above the reference voltage, the POR circuit
generates a digital logic 0 signal indicating that the supply
voltage 1s above the desired voltage.

FIG. 1 depicts a block diagram of a system 90, which, in
an example, 1s an electronic device, such as a medical device
(e.g., artificial pacemaker) or a handheld communication
device (e.g., a smartphone, a laptop computer, or a tablet).
The system 90 comprises a battery 91 coupled to a POR
circuit 92. The POR circuit 92 further couples to other
circuits, e.g., a micro-controller unit (MCU) 96 via an output
terminal 94. The example of FIG. 1 depicts the MCU 96 to
be present 1n system 90. However, in other examples, MCU
96 1s an electrical unit separate from the system 90, and 1n
such examples, the POR circuit 92 1s configured to be
coupled to MCU 96 (e.g., via a port in the system 90). The
battery 91 1s configured to provide power to the POR circuit
92 1n any suitable manner. In some examples, the POR
circuit 92 receives a voltage signal from the battery 91 via
a connecting wire 93; monitors a magnitude of the voltage
signal with a reference signal; and generates a logic output
signal at the output terminal 94 based on a determination as
to whether the magnitude of the voltage signal 1s above or
below the reference signal. In some examples, 1f the logic
output signal 1s high, the POR circuit 92 sends a reset (e.g.,
turn-oil) signal to the MCU 96 indicating that a fault has
occurred; and 1f the logic output signal 1s low, the POR
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circuit 92 permits the MCU 96 to continue operating without
interruption. In one example, sending the reset signal turns

off the MCU 96.

The following paragraphs describe examples of different
modified reference circuit architectures, followed by a
description of the POR circuit implementing these modified
reference circuits. The specific technical advantages pro-
duced by these modified reference circuits—e.g., the ability
to operate beyond industrial-grade temperature require-
ments, to consume low power, and to monitor supply
voltages lower than 1V—are also described.

FIG. 2(a) depicts an illustrative modified reference circuit
100 1n accordance with various examples. The modified
reference circuit 100 assumes a 2-transistor, 2-resistor (271-
2R) architecture. The circuit 100 1s a genericized depiction
ol various reference circuits that fall within the scope of this
disclosure. In some examples, the modified reference circuit
100 1ncludes a transistor 110, a transistor 105, a resistor 115,

and a resistor 120. The resistors 115, 120 have resistances
R1, R2 respectively. The transistors 1035, 110 depicted 1n
FIG. 1 are metal-oxide-semiconductor-field-eflect-transis-
tors (MOSFETs). In one example, both the transistors 105,
110 are n-channel MOSFETs (nMOSFETs or NMOS). The
transistor 110 comprises a drain terminal 110d, a source
terminal 110s, and a gate terminal 110g. Similarly, the
transistor 105 comprises a drain terminal 1054, a source
terminal 105s, and a gate terminal 105g.

In some examples, the resistor 115 couples to the source
terminal 110s at anode 116, and the resistor 115 also couples
to a node 125; the gate terminal 110g couples to the node
125; and the drain terminal 1104 couples to a voltage supply
source Vdd. The battery 91 of FIG. 1 provides this voltage
supply source Vdd to a POR circuit that implements the
modified reference circuit 100. Consequently, the magnmitude
of this voltage supply source Vdd 1s monitored by the POR
circuit described ahead 1n detail. In some examples, the
resistor 120 couples to the drain terminal 1054 at the node
121; the resistor 120 also couples to the node 125; the gate
terminal 105¢ couples to the node 121; and the source
terminal 105s couples to a ground source 130. A reference
signal Vrel—which 1s the output signal of the modified
reference circuit 100—is produced at node 125.

In at least some examples, one of the two transistors, e.g.,
transistor 110, has a substantially zero (or near-zero) thresh-
old voltage. As used herein, the substantially zero threshold
voltage means that the transistor 110 1s fabricated with an
intention to achieve an absolute zero threshold voltage, but
due to intrinsic process limitations and vanations, the
threshold voltage may lie within the range -0.1V to +0.1V,
inclusive. Stated another way, from a microelectronics fab-
rication standpoint, due to intrinsic process limitations,
achieving an absolute-zero threshold voltage 1s challenging,
and thus a near-zero (e.g., 0.005V) threshold voltage for the
transistor 110 1s generally achieved. This near-zero threshold
voltage, 1n this disclosure, 1s considered to lie between the
range of —0.1V to +0.1V, inclusive. In some examples, the
transistor 110 1s 1mplemented using native MOSFETs,
which are similar to a typical MOSFET, but excludes the
specially grown oxide layer of the typical MOSFET. The
transistor 105 has a threshold voltage that 1s different than
the threshold voltage of the transistor 110. In some
examples, the transistor 105 1s implemented using a standard
MOSFET having a threshold voltage of 0.7 V-0.8 V. In other
examples, the transistor 105 1s implemented using a low
threshold voltage MOSFET and has a low threshold voltage,

for example, 0.5 V-0.6 V, inclusive.
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As noted above, the presence of the resistor 115 enables
the transistor 110 to operate i1n the subthreshold region in
that the resistor 115 acts as a degenerative resistor and
provides a negative feedback to the gate terminal 110g,
which enables the transistor 110 to function in a weak-
inversion or the subthreshold region. The transistor 110
functioning in the subthreshold region means that the gate-
to-source voltage supplied between the gate terminal 110g
and the source terminal 110s 1s always less than the thresh-
old voltage of the transistor 110. The transistor 110 func-
tioming 1n the subthreshold region generates a sub-threshold
current, meaning that when connected with Vdd at the drain
terminal 1104, the transistor 110 generates a sub-threshold
current I...,. This sub-threshold current increases exponen-
tially as the gate to source voltage increases. The sub-
threshold current 1., can be modeled using equation 1:

(1)

IsTH = #Cﬂx%(m - 1)"’%63{9( Vg;l;:rh ](1 N exp(_Vds ))

where 1 1s mobility, C__ 1s oxide capacitance, W 1s transistor
width, L 1s transistor length, m 1s subthreshold slope factor
(m=1+4+C /C__, where C, 1s depletion capacitance), V.. 1s
thermal voltage, V_, 1s gate-to-source voltage, V,, is tran-

sistor threshold voltage, and V ,_ 1s drain-to-source voltage.
The term

(1-enel 7))

in equation 1 can be approximated to be equal to 1 1f
Vds>4V.. Thus, the subthreshold current I,,, can be
approximated to equal to equation 2:

(2)

Iio = 4Con b (m lﬁﬂﬁx(Vﬁ_Lﬁ]
110 = Moy 7 TEXP H’IVT

Using Ohm’s law, Vgs can be equated to (-I,,,xR1), and,
since W, C__, W, L, and m are specific to the transistor 110,
equation 2 can be re-written as equation 3:

(3)

—I110R) — Vm—uo)

I110 = Biio(myio — D Viex (
P reap mioVr

where [3,,, 1s equal to

C W
iu:;k GI* L

of the transistor 110, m, ,, 1s the subthreshold slope factor of
the transistor 110, and V,, _,,, 1s the threshold voltage of the
transistor 110. Using the resistor 115 brings about the term
I,,oR; 1n the exponential function of equation 3. Since the
term I,,,R, 1s proportional to temperature, 1t ofisets the
complementary-to-temperature change that occurs due to
the term V,_,,,. Thus, the presence of the I,;,R; term

enables the reference circuit to operate between (and
beyond) the needed industrial-grade temperature require-
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6

ment of —40° C. and +125° C., inclusive, as the current I,
doesn’t vary exponentially at corner temperatures.

In some examples, 1. 1s 1n the range of 10-100 nA. The
transistor 1035, which may be a diode-connected transistor
and which 1s biased to function in the sub-threshold region,
receives this sub-threshold current 1., via resistor 120.
Thus, the subthreshold current flowing 1n the transistor 105
can be modeled by using equation 2 as equation 4:

(4)

Ves—105 = Vm—ms]

1105 = Bros(mios — 1)1”%33‘{9(
m 105 Vr

where [3,,5 1s equal to

C W
iu* GI*L

of the transistor 105, m, 45 15 subthreshold slope factor of the
transistor 105, and V, _,,5 1s the threshold voltage of the
transistor 105. Since the same current flows in both the
transistors 105, 110, the equations of the currents I, .- and
[,,, are equated to obtain an analytical solution (see equation

(3)) for Vref.

) (my10 — DPB11o (5)
Vier = Vine105 —&" V110 + myos Vrl ] where
(mios — 1)f1os
m
Ry =k R = —2 &R,
10

Equation 5 can be decomposed into first and second
components, where the first component includes (V,,_;q5—
k*V_ ..,) and the second component includes

(m110 — 1)B11o ]]

Mios Vrl
( T mios — DBlos

Both the first and second components are either proportional
or complementary to absolute temperature. Alternatively,
both the first and second components are proportional and
complementary to absolute temperature. In either case, Vref
can be temperature insensitive. Stated another way, in the
first component, threshold voltages are complementary to

absolute temperature and “k” 1s proportional to absolute
temperature, and the second component 1s a function of
widths and lengths of the two transistors 105, 110. Thus, by
selecting the resistances R1, R2 and the widths and lengths
of the transistors 105, 110 appropnately, the temperature
dependences of the two components cancel each other,
which enables the circuit to operate between (and beyond)
the needed industrial-grade temperature requirement of —40°
C. and +125° C., inclusive. Also, since both the transistors
110 and 105 are nMOSFETS, they are substantially nsen-
sitive to process variations. The modified reference circuit
100 consumes ultra-low currents as low as 20 nA because
the transistors 105, 110 function in the sub-threshold region.

As the supply voltage Vdd increases from O V, the
reference voltage Vrel increases with an increasing Vdd.
However, the magnitude to which the reference voltage Vref
can 1ncrease, as can be noted from equation 5, 1s a function
of the threshold voltages of the transistors 105, 110.
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The subthreshold slope factor (im) 1s substantially constant
for a given transistor (and 1s typically substantially equal to
1). By approximating the slope factors of both the transistors
105, 110 to be equal, the modified reference circuit 100
assumes a 2-transistor, 1-resistor (2T-1R) architecture tur-
ther depicted 1 FIG. 2()).

Referring now to FIG. 2(b), an illustrative modified
reference circuit 150 1n accordance with various examples 1s
shown. The modified reference circuit 150 implements the
2-transistor 1-resistor (21-1R) architecture. The modified
reference circuit 150 1s similar to the reference circuit 100
except that the subthreshold slope factors of the transistors
105, 110 are approximated to be equal, which enables the
transformation of the 2T-2R architecture into the 2T-1R
architecture (with resistor 120 removed). In other words, the
transistors 105, 110 can be fabricated such that the sub-
threshold slope factors of the transistors 105, 110 are
approximated to be equal. Furthermore, the description of

the modified reference circuit 100 applies to the modified
reference circuit 150, except that the resistor 120 of FIG.
2(a) 1s shorted (or 1s made to be zero); the value of k 1n the
equation S 1s equal to 1, and the constant voltage reference
signal 1s produced at the source terminal 110s 1nstead of the
node 125. In eflect, the Vrel generated by the modified
reference circuit 150 can be modeled using equation 6:

(6)

(m110 — 1),3110]

Vier = Vi 105 — K" Vi, 110 + my0s V7l
e - (my1os — 1)B1os

Similar to equation 5, equation 6 can also be broken down
into first and second components, where the first component
includes (V, 0s—V,._110) and the second component
includes

(M0 — 1)5110]]

Mios Vrl
( T ios = DPBios

Similar to equation 5, both the first and second components
of equation 6 are either proportional or complementary to
absolute temperature, and this enables Vrefl to function 1n
between (and beyond) the needed industrial-grade tempera-
ture requirement of —40° C. and +125° C., inclusive. Also,
since both the transistors 110 and 105 are nMOSFETs, they
are 1nsensitive to process variations.

Thus far, the disclosure has described examples of gene-
ricized architectures of the modified reference circuits. Pro-
vided now are examples of POR circuits implementing,
different modified reference circuits, which are described
with respect to their drawings.

Referring now to FIG. 3(a), a schematic diagram of an
illustrative POR circuit 200 1s shown. The POR circuit 200
1s a genericized depiction of various POR circuits that fall
within the scope of this disclosure. The POR circuit 200
includes the modified reference circuit 150, described above
in FIG. 2(b). The description of the modified reference
circuit 150 provided above applies here 1n the description of
the POR circuit 200. In at least some examples, the POR
circuit 200 also includes a comparator 2335 having first and
second terminals 236, 237, respectively. The comparator 235
1s configured to compare the reference voltage Vref and the
supply voltage Vdd. In some examples, the first terminal 236
couples to the voltage source Vdd via an oflset voltage
source 238 and the second terminal 237 couples to the
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source terminal 110s. In some examples, the oflset voltage
238 can be used to oflset a voltage headroom, which, 1n this
example, 1s the minimum drain-to-source headroom voltage
needed for the subthreshold current 1., to flow. The oflset
voltage 238 can be required as the absence of such oilset
voltage 238 does not allow for the comparator to trip from
one logic level to another. For example, 11 the offset voltage
238 were not present, the magnitude of the voltage source
Vdd would have been higher than the reference voltage Vref
and the comparator 235 would output a logic low signal. In
some examples, the offset voltage 238 1s coupled between
the first terminal 236 and the supply voltage Vdd.

In some examples, the POR circuit 200 includes a bias
circuit that provides a bias current of the comparator 235. In
some examples, a portion of the modified reference circuit
150, e.g., the transistor 105 forms the bias circuit. In some

examples, the bias circuit 1s implemented using a current
mirror circuit (not expressly shown in FIG. 3(a)).

Now the operation of the POR circuit 200 1s described.
For the sake of simplicity, assume that the modified refer-
ence circuit 150 uses a minimum headroom voltage of 50
mV. Further, assume that the offset voltage 238 introduces a
70-mV voltage oflset. Also, assume that the supply voltage
Vdd i1s beimng turned on for the first time and this supply
voltage Vdd increases to 0.8V and then stabilizes at 0.8V
supply voltage. Further, assume that the threshold voltages
and the design constraints (e.g., length, width) of the tran-
sistors 110, 105 are chosen such that the reference voltage
Vref 1s limited to 0.7 V. Stated another way, the Vref does not
increase beyond 0.7 V because suitably selected threshold
voltage and lengths and widths of the transistor 110, 1035
limit the reference voltage Vref to 0.7 V.

Still referring to the operation of the POR circuit 200, the
voltage at the drain terminal 1104 increases as the supply
voltage Vdd 1s turned on. After increasing to 50 mV (the
headroom voltage), the subthreshold current 1., starts
flowing, and the source terminal 110s starts outputting the
reference voltage Vrel. The reference voltage Vrel increases
as the supply voltage Vdd increases. As the supply voltage
Vdd increases to, for example, 0.4V, the reference voltage
Vrel increases to 0.35V (e.g., 0.4V minus the headroom
voltage). At this point, the first terminal 236 receives a
0.33V signal, which 1s lower than the reference voltage Vret.
Thus the comparator 235 outputs logic high 1 and indicates
that the supply voltage Vdd 1s lower than the reference
voltage Vrel. As the voltage supply increases to 0.78V, the
reference voltage limits 1tself to 0.70V, and the first terminal
236 now receives a 0.71V signal. This scenario makes the
reference voltage Vrel lower than the signal received at the
first terminal 236, thus the digital signal POR_OUTPUT
trips from logic hlgh 1 to logic low 0, mdicating that the
supply voltage Vdd 1s higher than the reference voltage. The
supply voltage Vdd further increases to 0.8 V before stabi-
lizing at that voltage level. Now, the POR circuit 200
monitors the supply voltage Vdd (which 1s at 0.8V) and
continuously monitors to determine whether the supply
voltage Vdd 1s above or below the reference voltage Vref.
During a fault, the magnitude of the voltage supply Vdd dips
below the reference voltage 0.7V, and, 1n such a scenario, the
comparator 235 outputs a logic 1 and indicates to turn off the
circuits coupled to the POR circuit 200.

It can be determined from the operation of the POR circuit
200 that the circuit trips from logic high 1 to logic low 0
indicating that the supply voltage Vdd 1s higher than the
reference voltage at the following V .,» voltage. This volt-

age can be computed by equation 7:
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(5110) (7)

105

Vrrier = Vin 105 — Vi 110 + Vazg + mVrln

where 3,,- and 3,,, are equal to

c 124
lu:*: D.I* L

of the transistors 105, 110, respectively; m 1s subthreshold
slope tfactor of both the transistors 105, 110, V,, |45 1s the
threshold voltage of the transistor 105, and V., 110 18 the
threshold voltage of the transistor 110.

In some examples, the voltage source 238 1s implemented
by one or more transistors. One such implementation 1s
described 1 FIG. 3(b), which 1s a schematic diagram of
another illustrative POR circuit 300. FIG. 3(b) also depicts
the bias circuitry that 1s used to provide bias current to the
comparator 235. The POR circuit 300 includes a modified
reference circuit 2035 that assumes the 2T-1R architecture
described 1n FIG. 2(b). The modified reference circuit 205 1s
similar to the modified reference circuit 150 of FIG. 2(b) and
the description of the modified reference circuit 150 applies
to the modified reference circuit 205. Accordingly, the
transistor 210 of the modified reference circuit 205 1s similar
to the transistor 110; the transistor 215 of the modified
reference circuit 205 1s similar to the transistor 105; and the
resistor 115 1s similar to the resistor 230 of the modified
reference circuit 205. The connections in the modified
reference circuit 205 are similar to the connections 1nside the
modified reference circuit 150.

The modified reference circuit 205 includes a transistor
210 that couples to a voltage source Vdd via a drain terminal
2104, which 1s herein also referred to as a non-control
terminal of the transistor 210. A gate terminal 210g of the
transistor 210, which 1s also referred to herein as a control
terminal, couples to a source terminal 210s of the transistor
210 via a resistor 220. The source terminal 210s 1s also
referred to as a non-control terminal of the transistor 210.
The modified reference circuit 205 further includes a tran-
sistor 215 coupled to the resistor 220. A gate terminal 215g,
also herein referred to as a control terminal, of the transistor
215 15 coupled to a drain terminal 2154 of the transistor 215.
The drain terminal 2154 1s herein referred to as a non-control
terminal. In some examples, the source terminal 215s 1s
coupled to the ground source 230. In some examples, the
modified reference circuit 205 includes a capacitor 2235 that
couples to the source terminal 210s and a ground source 230.
The capacitor 2235 1s employed to filter out the noise and
provide immunity to supply voltage transients.

The POR circuit 300 further includes an oft:

set circuit 305
that introduces an offset voltage (similar to the oflset voltage
238 of FIG. 3(a)) 1n the POR circuit 300. In some examples,
POR circuit 300 includes a comparator 3335, which 1s stmilar
to the comparator 235 of FIG. 3(a). The comparator 335 has
first and second terminals 336, 337, respectively. The first
terminal 336 receives a voltage signal—referred to as
Vdd_reduced—that 1s Vdd reduced by a magnitude of the
oflset voltage introduced by the oflset circuit 305 and the
second terminal 337 receives a reference voltage Vretl gen-
erated at the source terminal 210s. The POR circuit 300
includes a bias circuit formed by transistors 215, 240, and
245. The transistors 240, 245 couple to the drain terminal
2154 to form current mirrors that provide bias current to the
offset circuit 305 and the comparator 235, respectively. In
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some examples, a peaking resistor i1s present in the bias
circuit; i particular, the peaking resistor 1s present at the
drain terminal 2135d. The peaking resistor can be employed
to reduce the process and temperature vanations in the
currents conducted by the transistors 240 and 24S5.

In some examples, the offset circuit 305 includes seli-
cascoded transistors, such as transistors 310, 315. In such
examples, the drain terminal of the transistor 310 couples to
the source terminal of the transistor 315 at a node 311. The
source terminal of the transistor 310 couples to the supply
voltage Vdd. The gate terminals of the transistors 310, 315
couple to the drain terminal of the transistor 315, which
turther couples to the transistor 240. In the oflset circuit 305
shown 1 FIG. 3(b), an oflset voltage AV .. that i1s the
difference between the gate-to-source voltages of the tran-
sistors 310, 315 1s generated between the node 311 and the
supply voltage Vdd. Thus, the voltage signal Vdd_reduced
1s produced at the node 311. When a subthreshold current
. flows 1n the modified reference circuit 203, because the
transistors 240, 245 form current mirrors, the similar sub-
threshold current 1., flows 1n the offset circuit 305 and
generates the voltage signal Vdd_reduced. The offset volt-
age can be calculated using equation 8:

,3310) (8)

P3os

AVeas = Vos 310 — Vas—315 = Vi 310 — Vin—315 +H1VT111(

where V, ., 1s the threshold voltage of the transistor 310,
V., 315 18 the threshold voltage of the transistor 315, m is the
subthreshold slope factor of the transistors 310, 315 (which,
in one example, are equal), V. 1s the thermal voltage, 3310
1S

W_310
[_310

310 * Cox 310 *

(where |15, 1s mobility, C__ 5,15 ox1ide capacitance, W_310

1s transistor width, L._310 is transistor length of the transistor
310), and 3315 1s

W_315
L_315

(315 * Cox 315 *

(where |1,  1s mobility of the transistor 315, C__ ., 1s oxide
capacitance of the transistor 315, W_315 is the transistor
width of the transistor 3135, and L._315 is the transistor length
of the transistor 315). As noted from equation 8, the offset
voltage AV .. can be made insensitive to temperature
changes by selecting appropriate different threshold volt-
ages, widths, and lengths of the transistors 310, 315. The
transistors 310, 315 are shown to be p-type MOSFETs.
However, 1n other examples, the transistors 310, 315 may be
implemented using n-type MOSFETs, and 1n such examples,
the coupling between the transistors 310, 315 may be
adapted accordmgly In other examples, other circuits that
can introduce an oflset voltage can be employed.

Now describing the operation of the POR circuit 300,
similar to the operation of the POR circuit 200, assume that
the modified reference circuit 205 uses a 50 mV headroom
voltage. Further, assume that the offset voltage AV - 1s equal
to 70 mV. Siumilar to the operation of the POR circuit 200,

assume that the supply voltage Vdd 1s being turned on for
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the first time and this supply voltage Vdd increases to 0.8V
and then stabilizes at 0.8V supply voltage. Further, assume
that the threshold voltages and the design constraints (e.g.,
length, width) of the transistors 210, 215 are chosen such
that the reference Voltage Vret 1s limited to 0.7 V, meaning
that the Vrel does not increase beyond 0.7 V.

The voltage at the drain terminal 2104 increases as the
supply voltage Vdd is turned on. After increasing to 50 mV
(the headroom voltage), the subthreshold current 1., starts
flowing, and the source terminal 210s starts outputting the
reference voltage Vrel. The same subthreshold current 1.,
also flows 1n the oflset circuit 305 and generates a
Vdd_reduced signal at node 311. The subthreshold current
I.+; acts as a bias current for the comparator 335. Further,
the reference voltage Vrel increases as the supply voltage
Vdd increases. As the supply voltage Vdd increases to, for
example, 0.4V, the reference voltage Vrel increases to 0.35V
(c.g., 0.4V minus the headroom voltage) and the voltage
signal Vdd_reduced increases to 0.33V. At this point, the
first terminal 336 receives a 0.33V signal, which 1s lower
than the reference voltage Vref. Thus, the comparator 335
outputs logic high 1 and indicates that the supply voltage
Vdd 1s lower than the reference voltage Vref.

As the voltage supply increases to 0.78V, the reference
voltage limits itself to 0.70V, and the first terminal 336 now
receives a 0.71V signal. This scenario makes the reference
voltage Vrel lower than the signal received at the first
terminal 336, and thus the digital signal POR_OUTPUT of
the comparator 333 trips from logic high 1 to logic low O.
This indicates that the supply voltage Vdd 1s higher than the
reference voltage. The supply voltage Vdd may further
increase to 0.8 V belore stabilizing at that voltage level.
Now, the POR circuit 300 monitors the supply voltage Vdd
(which 1s at 0.8V) and continuously monitors whether the
supply voltage Vdd 1s above or below the reference voltage
Vrel. During a fault, the magnitude of the voltage supply
Vdd may dip below the reference voltage 0.7V, and, in such
a scenario, the comparator 335 outputs a logic 1 and
indicates to turn off the circuits coupled to the POR circuit
300.

Similar to the POR circuit 200, a trip voltage (V r»,», ) for
the POR circuit 300 1s computed by equation 9:

(9)

B2105515 )
P15 5310

Vrrips = Vi 215 — Vi 210 + Vi 310 — Vi 315 +mVT111(

where 35,0, P21ss P31o, and P55 are equal to

C W
iu:;k GI* L

of the transistors 210, 215, 310, and 315, respectively; slope
factors of transistors 210, 215, 310, and 315 are approxi-
mated to be equaltom; V,, - 1s the threshold voltage of the
transistor 215; V,, ,,, is the threshold voltage of the tran-
sistor 210; V, 5, is the threshold voltage of the transistor
310; and V,, 5,5 1s the threshold voltage of the transistor
315.

Referring now to FIG. 4(a), POR circuit 400 implement-
ing 2'1-2R architecture 1s described. The POR circuit 400
includes a transistor 410 having a source terminal 410s, a
drain terminal 4104, and a gate terminal 410g. The transistor
410 1s coupled to a voltage source Vdd via the drain terminal
410d. The gate terminal 410g, which 1s also referred to as a
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control terminal of the transistor 410, 1s coupled to the
source terminal 410s via a resistor 4235 at a node 440. The
source terminal 410s 1s also referred to as a non-control
terminal of the transistor 410. The POR circuit 400 further
includes a transistor 405 having a source terminal 405s, a
drain terminal 4054, and a gate terminal 405g. The transistor
403 1s coupled to the voltage source Vdd through the drain
terminal 4054 and via a resistor 407. The drain terminal
405d couples to the resistor 407 at a node 409. The gate
terminal 405¢g (which 1s also referred to as a control terminal
of the transistor 403) 1s coupled to the source terminal of the
transistor 405 (also referred to as a non-control terminal of
the transistor 405) via a resistor 420 at a node 421. The node
421 couples to a ground source 430. The POR circuit 400
further includes a transistor 4135 having a gate terminal 415g,
a drain terminal 4154, and a source terminal 415s. The gate
terminal 415¢g (which 1s also referred to as a control terminal
of the transistor 415) 1s coupled to the resistor 407. The drain
terminal 4154 (which i1s also referred to as a non-control
terminal of the transistor 415) 1s coupled to the resistor 425
at node 440. The source terminal 4135s couples to the ground
source 430. The POR circuit 400 also includes a voltage
bufler 435 (which 1s a buller amplifier) that 1s coupled to the
node 440 and outputs a POR_OUTPUT digital signal. The
bufler 435, 1n one example, 1s implemented using standard
threshold Voltage devices, e.g., standard MOSFETs with
threshold voltage equaling 0.7V.

In some examples, the transistors 405, 410 are native
transistors that are biased using the degenerative resistors
420, 425, respectively, such that the transistors 405, 410
function 1n the subthreshold region. In such examples, the
transistor 415 may be a standard transistor with a threshold
voltage between 0.7 V-08 V or transistor with a low
threshold voltage between 0.5 V-0.6 V. In some examples
the resistors 420, 425 have substantially well-matched resis-
tances (e.g., resistances with +1-10 percent value of each
other).

As noted above, the POR circuit 400 1s implemented
using the 2'T-2R architecture described 1n FIG. 2(a), and the
2'T-2R architecture may not be readily visible in the POR
circuit 400. However, the 2'1-2R architecture of FIG. 2(a)
may become apparent with the description of the POR
circuit 400. For understanding’s sake, the description of the
POR circuit 400 may sometimes refer back to the modified
reference circuit 100 of FIG. 2(a).

As noted above, the resistors 420 and 425 have substan-
tially equal resistances and are similar to the resistor 115 of
circuit 100. The resistor 407 1s similar to the resistor 120 of
circuit 100. The transistors 405 and 410 are substantially
similar and are native transistors and the description of the
transistor 110 of FI1G. 2(a) applies to the transistors 405, 410.
The transistor 415 1s analogous to the transistor 105 of FIG.
2(a). In the modified reference circuit 400, the voltage at the
node 409 1s equal to the difference of the supply voltage Vdd
and the voltage drop across the resistor 407 (V  ,o,=Vdd-
(I, *R2)). The voltage at node 409 acts as the gate-to-
source voltage of the transistor 415.

As the supply voltage Vdd increases from zero to some
finmite value, e.g., 0.3V, a current 1., starts flowing due to
the presence of the transistor 405. The current 1., flows 1nto
the resistor R2. At this point, the voltage at the node 409
starts 1ncreasing from zero to a voltage equaling 0.3-
(I.,*R2). Since, the voltage on the node 409 1s less than the
threshold voltage of the transistor 415 (which, 1n this
example 1s assumed to be 0.7V), the transistor 415 remains
in an OFF state. At this point, the voltage at node 440 equals
the supply voltage Vdd, and the voltage at the POR output
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1s a logic high (e.g., 1) indicating that the supply voltage has
not reached the desired voltage level (which, 1n this example
1s the sum of the threshold voltage of transistor 415 and
voltage drop across R2). When the supply voltage Vdd
approaches a voltage value equaling the sum of the threshold
voltage of the transistor 415 and voltage drop across resistor
R2, the transistor 415 begins to turn ON. This forces the
voltage at the node 440 to tall below the supply voltage Vdd.
When the supply voltage Vdd crosses a voltage value
equaling the sum of the threshold voltage of the transistor
415 and voltage drop across resistor R2, the transistor 4135
turns ON, which, 1n turn, forces the voltage on node 440 to
be at a low voltage (e.g., 10 mV). At this point, the transistor
415 operates 1n a deep triode region, and due to near zero
voltage at the node 440, the voltage at POR output becomes
logic low. This signifies that the supply voltage has reached
the desired level.

Similar to the POR circuits 200, 300, a trip voltage

(V w75, ) Tor the POR circuit 400 1s computed by equation
10:

(,3410) (10)

4135

Viripr = Vg a1s — Vi 410 + mVrln

where [,,, and ., are equal to

- 114
lu* Gxﬁiz

of the transistors 410, 415, respectively; m 1s a subthreshold
slope tactor of both the transistors 410, 4135; V,, ,,5 1s the
threshold voltage of the transistor 415; and V., 410 18 the
threshold voltage of the transistor 410.

By comparing equations 7, 10, it can be observed that the
circuit 400 does not use the oflset voltage source. It can
turther be observed by equations 7, 9, and 10 that the trip
voltage of the POR circuit 1s a function of the threshold
voltage of at least some of the transistors utilized in their
respective POR circuits. In efect, 1t can be observed that the
trip voltage can be altered based on the application. For
example, 11 an application calls for the trip voltage to be less
than 1V, POR circuits 200, 300 may be used. However, 11 an
application calls for the trip voltage to be higher than 1V,
c.g., 1.4V, the threshold voltages of the transistors may be
selected to make the trip voltage substantially equal to the
desired trip voltage of 1.4 V.

Accordingly, 1n some examples, the trip voltage can be
altered by adding additional transistors in a POR circuit. For
example, based on the instant configuration of the POR
circuit 400 (e.g., threshold voltages of the transistors used 1n
the configuration shown in FIG. 4(a)), the trip voltage of the
POR circuit 400 1s limited to 850 mV+/-50 mV. By adding
an additional transistor and a corresponding resistor, the trip
voltage of the new circuit may be altered. An example of
such a configuration 1s depicted in FIG. 4(b), which 1s an
illustrative POR circuit 450 with an additional transistor and
resistor, and based on the configuration of the POR circuit
450 (e.g., threshold voltages of the transistors used 1n the

configuration shown in FIG. 4(b)), the trip voltage increases
and limits at 1.43 V+/-75 mV.

Refer now to FIG. 4(b), which depicts the POR circuit
450. The POR circuit 450 1s similar to the POR circuit 400
except for the presence of an additional transistor 465 and
resistor 408. The resistor 408 has a resistance R3 and 1s
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coupled to the resistor 407 and to the node 409. The
transistor 465 has a source terminal 465s, a drain terminal
465d, and a gate terminal 465g, where the gate terminal
465¢g 1s coupled to the drain terminal 4654 at a node 471,
which 1s further coupled to the source terminal 413s. The
source terminal 463s couples to the ground node 430. In
some examples, the transistor 465 may be an nMOS of the
low threshold voltage between 0.5 V-0.6 V. The description
of the POR circuit 400 applies to the description of the POR
circuit 450. Due to the presence of the additional transistor
and resistor, the POR circuit 450 assumes a 3 transistor-3
resistor (3'1-3R) architecture relative to the 2T-2R architec-
ture of the POR circuit 400.

The operation of the POR circuit 450 1s now described.
The voltage at the node 409 1n the POR circuit 450 1s equal
to the difference of the supply voltage Vdd and the voltage
drop across the resistors 407, 408 (V ,,,=Vdd-I. ., *(R2+
R3)). As the supply voltage Vdd increases from zero to some
finite value, e.g., 0.3V, a current 1., starts flowing due to
the presence of the transistors 405. The current 1., flows
into the resistors R2, R3. At this point, the voltage at the
node 409 starts increasing from zero to a voltage equaling
0.3-(1.,*R2). Since the voltage on the node 409 1s less
than the threshold voltage of the transistor 415 (which, in
this example, 1s assumed to be 0.7V), the transistor 4135
remains 1n an OFF state, and the voltage at the node 440 1s
forced to be equal to the supply voltage Vdd. At this point,
the POR outputs a logic high (e.g., 1) signal indicating that
the supply voltage has not reached the desired voltage level
(which, 1n this example, 1s the sum of the threshold voltage
of the transistors 415 and 465, and the voltage drop across
resistors R2 and R3). When the supply voltage Vdd
approaches a voltage value equaling the sum of the threshold
voltage of the transistors 415 and 465, and the voltage drop
across resistors R2 and R3, the transistor 415 begins to turn
ON and the voltage at the node 440 begins to fall below the
supply voltage Vdd. When the supply voltage Vdd crosses
a voltage value equaling the sum of the threshold voltage of
the transistors 415 and 465, and the voltage drop across
resistors R2 and R3, the transistor 415 turns ON, which, 1n
turn, forces the voltage on node 440 to be at a low voltage
(€., 10 mV+V_ . source as5) With transistor 415 operat-
ing 1n a deep triode region. It 1s assumed that the transistor
465 has a low threshold voltage and 1s operating in the
subthreshold region. This introduces a low value of

Vo vte-to-source 45 (€., 0.4-0.5V). The voltage on node 440

g
1s thus logic low concerning the input of bufler 4335, signi-

tying that the supply voltage has reached the desired level.

Similar to the POR circuits 200, 300, and 400, a trip
voltage (V 4,»,) for the POR circuit 450 1s computed by
equation 11:

(11)

Baro405 )
PaesPars

Vrrips = Vi 415 — Vin 410 — Vi a20 + Vi 465 + mvﬂﬂ(

where .0, P45 and P,ss are equal to

L
3= Gxﬁﬂ—
H 3

of the transistors 410, 415, and 463 respectively; m 1s
subthreshold slope factor of the transistors 410, 415, and
465; V_, .- 1s the threshold voltage of the transistor 415;
Vi 410 is the threshold voltage of the transistor 410; and
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V.. 4.5 1s the threshold voltage of the transistor 465. As can
be observed by comparing the trip voltages of the POR
circuits 400, 450, the presence of the transistor 465 1increases
the trip point of the POR circuit 450.

In the foregoing discussion and 1n the claims, the terms
“including” and “comprising” are used in an open-ended
tashion, and thus should be interpreted to mean “including,
but not limited to . . . .” An eclement or feature that 1s
“configured to” perform a task or function may be config-
ured (e.g., programmed or structurally designed) at a time of
manufacturing by a manufacturer to perform the function
and/or may be configurable (or re-configurable) by a user
alter manufacturing to perform the function and/or other
additional or alternative functions. The configuring may be
through firmware and/or soiftware programming of the
device, through a construction and/or layout of hardware
components and interconnections of the device, or a com-
bination thereof. Additionally, uses of the phrases “ground”
or similar 1n the foregoing discussion are intended to include
a chassis ground, an Farth ground, a floating ground, a
virtual ground, a digital ground, a common ground, and/or
any other form of ground connection applicable to, or
suitable for, the teachings of the present disclosure. Unless
otherwise stated, “about,” “approximately,” or “substan-
tially” preceding a value means +/—10 percent of the stated
value.

The above discussion 1s meant to be illustrative of the
principles and various embodiments of the present disclo-
sure. Numerous variations and modifications will become
apparent to those skilled 1n the art once the above disclosure
1s Tully appreciated. It 1s intended that the following claims
be interpreted to embrace all such variations and modifica-
tions.

What 1s claimed 1s:

1. A circuit, comprising:

a voltage source terminal;

a resistor;

a first transistor having a first control terminal and first
and second voltage terminals, the first voltage terminal
coupled to the voltage source terminal, and the first
control terminal coupled through the resistor to the
second voltage terminal;

a second transistor having a second control terminal and
third and fourth voltage terminals, the third voltage
terminal coupled through the resistor to the second
voltage terminal, and the second control terminal
coupled to the third voltage terminal;

an oilset circuit including third and fourth transistors, in
which the third transistor 1s cascoded to the fourth
transistor, and a threshold voltage of the third transistor
1s greater than a threshold voltage of the fourth tran-
sistor; and

a comparator having first and second comparator inputs,

the first comparator input coupled to the second voltage
terminal, and the second comparator iput coupled
through the oflset circuit to the voltage source terminal.

2. The circuit of claim 1, wherein a threshold voltage of
the first transistor 1s lower than a threshold voltage of the
second transistor.

3. The circuit of claim 1, wherein a threshold voltage of
the first transistor 1s substantially zero.

4. The circuit of claim 1, wherein the first transistor 1s
configured to generate a reference signal at the second
voltage terminal, based on a threshold voltage of the first
transistor and a threshold voltage of the second transistor.

5. The circuit of claim 1, further comprising first and
second current mirrors coupled to the second transistor, 1n
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which the first current mirror 1s coupled to the offset circuit,
and the second current mirror 1s coupled to the comparator.

6. A system, comprising;

a voltage source terminal; and

a power-on reset (POR) circuit including:

a resistor:;

a first transistor having first and second terminals, the
first terminal coupled to the voltage source terminal,
the second terminal coupled to the resistor, and the
first transistor configured to: operate 1n a sub-thresh-
old region of the first transistor; generate a sub-
threshold current through the resistor; and output a
reference voltage at the second terminal based on the
sub-threshold current;

a second transistor coupled through the resistor to the
second terminal and configured to receive the sub-
threshold current;

a comparator having a comparator output and first and
second comparator inputs, the first comparator input
coupled to the second terminal, and the comparator
configured to generate a power-on reset signal at the
comparator output based on a comparison between
the reference voltage at the first comparator mput
and an offset voltage at the second comparator input;
and

an oflset circuit coupled between the voltage source
terminal and the second comparator input, 1n which
the oflset circuit 1s configured to generate the offset
voltage at the second comparator input, the offset
circuit includes third and fourth transistors, the third
transistor 1s cascoded to the fourth transistor, and a

threshold voltage of the third transistor 1s greater
than a threshold voltage of the fourth transistor.

7. The system of claim 6, wherein the {irst transistor has
a substantially zero threshold voltage.

8. The system of claim 6, wherein a threshold voltage of
the first transistor 1s less than a threshold voltage of the
second transistor.

9. A circuit, comprising;:

a voltage source terminal;

a reference circuit coupled to the voltage source terminal,
the reference circuit including a resistor and first and
second transistors, in which the first transistor has an
output terminal coupled through the resistor to the
second transistor, and the first transistor 1s configured to
operate 1n a sub-threshold region and generate a refer-
ence voltage at the output terminal;

a comparator having a comparator output and first and
second comparator mputs, the first comparator input
coupled to the output terminal, and the comparator
configured to: compare the reference voltage at the first
comparator iput and a voltage at the second compara-
tor input; and generate an output signal at the com-
parator output based on the comparison; and

an oflset circuit coupled between the voltage source
terminal and the second comparator input, 1n which the

offset circuit 1s configured to generate the voltage at the
second comparator mput, the oflset circuit includes
third and fourth transistors, the third transistor 1s cas-
coded to the fourth transistor, and a threshold voltage of
the third transistor 1s greater than a threshold voltage of
the fourth transistor.

10. The circuit of claim 9, further comprising a micro-
controller unit configured to recerve the output signal.

11. The circuit of claim 9, further comprising first and
second current mirrors coupled to the second transistor, 1n
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which the first current mirror 1s coupled to the ofiset circuit,
and the second current mirror 1s coupled to the comparator.
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